THE concept that rapidly growing tumours are " nitrogen traps " has led to the suggestion that plasma and other proteins may be ingested intact by tumour cells to a much greater extent than by most normal cells (Henderson and LePage, 1959; Gey, 1956). Ingestion is generally assumed to occur by the process of pinocytosis, and increased pinocytotic activity would be consistent with increased cell surface activity of tumour cells which might be expected from their decreased adhesiveness (McCutcheon, Coman and Moore, 1948) poorer cell contacts (Mercer and Easty, 1961) and loss of contact inhibition (Abercrombie and Ambrose, 1958) .
Sephadex G50 which was found to remove all but traces of free dye. Tlhe conjugated protein was then dialysed against frequent changes of 0 85% saline, and after adjustment of the volume by dilution or vacuum dialysis to give the required concentration of protein, the solution was sterilized by filtration through sintered glass.
The only occasion on which this procedure proved to be unsatisfactory was when a relatively impure batch of rhodamine B isothiocyanate was used for labelling bovine plasma albumen. After the above procedure no dye could be detected in the dialysate. The results obtained with this material suggested, however, the presence of appreciable quantities of non-covalently bound dye which could be dissociated from the protein under certain conditions. This excess dye could be removed by repeated extraction with ethyl acetate, or by the use of activated charcoal, which unfortunately resulted in the loss of more than 5000 of the protein before all traces of the dye were removed.
Fluorescent antibody technique
Diphtheria antitoxin, which had been prepared by dissociation of the antigenantibody complex (kindly supplied together with the toxoid by Dr. C. G. Pope of the Wellcome Foundation) was labelled with fluorescein by the methods described in the precediing section, and dialysed finally against phosphate-buffered saline at pH 7-2.
Unlabelled diphtheria toxoid was added to the culture tubes and after the appropriate time the cultures were washed three times with saline and fixed. Previous experiments had established that freeze-substitution of drops of diphtheria toxoid solution in ethyl alcohol or acetone cooled to -800 did not destroy the capacity of the toxoid to react with antitoxin. Fixation was therefore carried out by freeze-substitution in ethyl alcohol at 800, the temperature being allowed to rise to room temperature over a period of 1-2 days. The coverslips were transferred to buffered saline, pH 7f2, through 7000 and 3000 ethyl alcohol and stained with fluorescent diphtheria antitoxin for 10 minutes, washed with saline and examined with the fluorescence microscope. It was found subsequently that brief fixation in 400 formaldehyde solution, pH 7-2, at 4°gave rather better results and this procedure was used for most of the fluorescent antibody work.
Microscopy
Cultures were examined using a Reichert Zetopan fluorescence microscope with an Osram HBO 200 high pressure mercury vapour lamp. The filters used for fluorescent photomicrography were the Corning Violet No. 5113 (5-58) and sharp . Kodak spectrographic Oa-g plates were used with an exposure time of 5 minutes.
Estimation of protein uptake
The amount of protein uptake was estimated on the basis of the number of fluorescent droplets observed within the cells, usually after 24 hours. No attempt was made to give a quantitative value for the size and fluorescent intensity of the droplets, but fortunately, in general, the range of droplet size was similar for most cultures containing similar numbers of droplets. For each culture at least four separate fields were photographed at magnifications of x 800 under standardized conditions and prints at a magnification of x 3200 were made. The number of droplets in each cell was counted on each photograph and the average per cell calculated. The uptake after 24 hours was scored as follows: + + + >100 droplets + + 30-100 droplets + 10-30 droplets ? O10 droplets It was found that with counts of 10 or less the droplets were either too faint to be reliably scored or if intense they were often in a form which suggested absorption of fluorescent particulate material on the cell surface. One disadvantage of the technique, apart from its laboriousness, is that it is probably less accurate and more subjective than determinations of total fluorescent material or total radioactivity. On the other hand it is possible to examine the distribution of fluorescent material throughout the cell, and this enables one to distinguish between ingested material and extracellular absorption, which can be considerable with some cultures (Fig. 1, 2 ). Also, it is possible to detect with ease variations in uptake from cell to cell. Dead or damaged cells can bind much greater quantities of protein than living cells can ingest, and quantitative estimations of total radioactivity which do not allow for this binding by dead or damaged cells could give highly misleading results (Ryser, Aub and Caulfield, 1962; Thomason and Schofield, 1961 cases where it was possible to compare cells of the same origin cultured for different lengths of time, no significant differences in uptake were observed. For example, the 2nd and 3rd passages of hamster kidney carcinoma cells showed no increase in uptake compared with the primary cultures from which they originated, and the 3rd and 4th passages of normal rabbit kidney epithelia likewise showed no increase when compared with primary rabbit kidney epithelial cultures. It is possible, however, that cultivation in vitro for much longer periods of time may result in an increase in the capacity of the cells to incorporate proteins. The malignant HaK cells, derived from normal hamster kidney epithelium and maintained in vitro since 1959, showed considerably greater incorporation of proteins than primary cultures of hamster stilboestrol-induced kidney carcinomas, propagated in vivo by subcutaneous transplantation for more than five years. On the other hand, the Fisher lymphosarcoma, which had been maintained in vitro in this Institute for two years before being used for this work, showed only slight uptake of proteins, although this may be related to the fact that these cells grew in suspension and did not spread out and attach to glass. Effect of variations in population density.-This was investigated using C13 fibroblasts. Replicate cultures were established where the number of cells/unit area of the coverslip was in the ratio of approximately 6: 1 by direct count. After 6 hours exposure to fluorescent protein the individual cells in the less dense population had apparently taken up greater quantities of fluorescent protein than those in the more densely populated cultures (Fig. 13, 14) . After 24 hours this difference was no longer apparent. The initial increase of the fluorescent protein content of cells in less densely populated cultures was reflected in the increased fluorescence often seen in cells on the periphery of populations of fibroblasts. Similar effects were sometimes observed with sheets of epithelial cells such as HaK. The cells on the periphery of the epithelial islands possessed a free lateral border and frequently uptake of fluorescent protein was observed in these cells before it was detectable in cells within the interior of the islands. As with the fibroblasts, this difference was not apparent after 24 hours.
Rates of uptake and elimination offluorescent proteins.-With actively ingesting cells and under the experimental conditions described, fluorescent droplets could be detected in most cells 1-2 hours after exposure. The amount of fluorescence increased up to [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] (Fig. 11, 12) .
Effect of metabolic inhibitors.-The effects of sodium fluoride at a final concentration of 2 x 10-2 m and potassium cyanide at 1 x 10-3M on protein incorporation were studied using C13 fibroblasts. Potassium cyanide did not significantly inhibit whereas sodium fluoride almost completely inhibited uptake, but at the concentration of sodium fluoride used a high proportion of the cells had become detached from the surfaces of the coverslips.
Effect of fixatives and sodium fiuorescein. (Fig. 16) was very similar to that observed with the cells exposed to fluorescent diphtheria toxoid. Staining was almost completely eliminated by treatment of the fixed cells with unlabelled diphtheria antitoxin before application of fluorescent antitoxin.
Cytology.-In all cells which incorporated the fluorescent proteins the distribution of fluorescence was in the form of vacuoles or droplets, most of which were circular in appearance and, therefore, presumably spherical in shape. When droplets appeared to be within the area of the nucleus careful focusing generally revealed that they were most probably over or under the nucleus and not within it.
No diffuse fluorescence could be detected within the cytoplasm, though this may reflect the limit of sensitivity of the technique rather than prove the complete absence of the protein. Localized regions of diffuse fluorescence could generally be resolved at high magnifications into dense clusters of very small droplets. In general, the droplets concentrated in regions close to the nucleus, frequently outlining both the nucleus and the Golgi region (Fig. 5, 6 (Fig. 9, 10 ). Time-lapse cinematography of sarcoma cells and normal fibroblasts has revealed that pinocytosis by normal cells ceased when they formed adhesions associated with contact inhibition (Abercrombie and Ambrose, 1958) and these adhesions are less evident with those tumour cells which show loss of contact inhibition. The absence of any increase in uptake of protein by sarcoma cells relative to fibroblasts does not appear to support this view. This apparent absence of correlation between lack of contact inhibition and increased pinocytosis could be due to a number of factors. Firstly, it is possible that the total amount of membrane movement involved in pinocytosis is not sufficiently affected by contact inhibition. Secondly, a large proportion of the uptake may take place by a process of micropinocytosis (Bennett, 1956) (Fig. 8) (1961) found that a preparation of wheat germ lipase is rapidly pinocytosed by normal hamster kidney cells, which do not pinocytose the three proteins tested in this work to any significant extent. This preparation is now known to contain a phospholipase; it is cytotoxic, and the pinocytosis which it induces is almost certainly associated with its enzymic action on the cell surface and the cell death which it ultimately produces.
For all the cell types examined, the number and intensity of the fluorescent vacuoles appeared to remain constant after 24-36 hours exposure to any of the three fluorescent proteins. Similarly, all detectable fluorescence was lost from the cells 36-48 hours after removal of the fluorescent proteins from the medium. The methods used in this work did not permit the analysis of the process of uptake.
For example, it is not clear whether uptake occurs at a constant or variable rate. The constant level of fluorescence within the cells after 1-2 days was probably due to an equilibrium being reached between elimination and uptake, although the rates of uptake and elimination might vary in a cyclic or irregular manner.
The effect of population density on uptake was tested using C13 fibroblasts only, and cells in the less densely populated cultures appeared to accumulate proteins significantly faster than those in more densely populated cultures (Fig. 13, 14) . As with medium effects it is not easy to explain this result. The cells in the less dense population may be capable of more continuous or more rapid movement since cell-cell contacts which temporarily arrest movement should be less frequent, but the relationship between movement, uptake and population density is still largely unknown. It was noted, however, that the cells in the less densely populated cultures possessed a greater surface area than those in the more densely populated cultures, and this increase in exposed surface area miglht be responsible for the increased uptake. The observation that cells on the periphery of some epithelial islands take up proteins more rapidly than those in the interior suggests that the possession of an actively undulating membrane, accompanied possibly by cell migration, is involved in protein uptake. Similar observations of enhanced peripheral cell phagocytosis have been reported by Bellairs and New (1962) using chick blastoderms in vitro.
The uptake of fluorescent bovine plasma albumin by C13 fibroblasts was not affected by 10-3 M potassium cyanide, indicating that the process was independent of oxidative energy metabolism, at least over a 24-hour period. Sodium fluoride at 2 x 10-2M considerably inhibited uptake, presumably by inhibition of glycolysis. Both these effects are very similar to those obtained by Sbarra and Karnovsky (1959) , who investigated the phagocytosis of latex particles by leucocytes. The inhibitory effects of low temperatures on uptake by C13 and TC6 cells emphasizes the dependence of the process on metabolic energy.
Insulin has been reported to stimulate pinocytosis in HeLa cells (Paul, 1959) and adipose tissue cells (Barrnett and Ball, 1960) . None of the cells used in this study showed any increased incorporation of fluorescent protein in the presence of insulin, with or without extra glucose, with two exceptions. Mouse mammary carcinoma cells showed slight but consistent increases in uptake in the presence of insulin, and in one of a series of eight experiments, HeLa S3 cells showed a similar stimulation. Insulin has been reported by Prop (1961) to stimulate proliferation of mouse mammary glands in vitro and to enable other hormones to exert effects, which suggests that insulin may be acting by facilitating transport of these hormones into the cells, possibly by stimulating pinocytosis. The stimulation of pinocytosis by mouse mammary carcinoma cells treated with insulin may be related to this observation. It is possible that other unknown factors may be involved in this effect. Paul (1959) reported that the stimulating effect on HeLa cells was variable and suggested that the response of the cells to insulin might depend on the treatment which the cells had received before the experiment. Furthermore, although Barrnett and Ball (1960) Direct evidence for the presence of the antigenic groups of the ingested protein within cytoplasmic vacuoles was provided by the fluorescent antibody technique using C13 fibroblasts exposed to diphtheria toxoid (Fig. 16 ). This protein was used because it is completely foreign to the cells and should not cross-react with any indigenous proteins of the cells or the medium. Also, it is one of the few highly purified antigens available whose specific antibody, as opposed to a y-globulin fraction, can be obtained in relatively large quantities, possessing a high titre. The retention of nearly all of the fluorescence in the vacuoles of cells fixed in ethyl alcohol, acetone, or 4 per cent formaldehyde indicates that the fluorescent label was still attached to a non-diffusing, high molecular weight component. When fibroblasts were exposed to solutions of sodium fluorescein of comparable fluorescent intensity, the fluorescence visible within the cells was of low intensity and diffuse. Presumably some fluorescein was being pinocytosed but rapidly escaped from the vacuoles. When such cells were fixed after 24 hours exposure to sodium fluorescein, all fluorescence was lost from the cells, indicating that fluorescein was not bound in detectable quantities to any fixable structures within the cells.
The cytology of the process of protein uptake by cells has been described by others in considerable detail (Holtzer and Holtzer, 1960; Holter, 1959 ; ChapmanAndresen, 1962) , and only certain points will be emphasized here. The fluorescent vacuoles concentrate around the nucleus of the cell, outlining it, but also frequently revealing a clear region adjacent to the nucleus, presumably occupied by the Golgi apparatus (Fig. 5, 6 ). No diffuse fluorescence due to the protein was detected outside the vacuoles but this may reflect the limits of sensitivity of the technique rather than prove its absence. No sign of incorporation of fluorescence within mitochondria was observed and incorporation within the nucleus in the form of detectable vacuoles, if it occurred at all, was very rare. Holtzer and Holtzer (1960) have critically reviewed the limitations inherent in the use of fluorescent labelled proteins for examining the uptake of proteins by cells. One of the chief difficulties has been the occurrence of what the Holtzers describe as the " injured cell reaction ". The cytoplasm and nucleus of cells which are permeable to dyes such as lissamine green and trypan blue are stained by fluorescent proteins (Fig. 7) , but cells not irreversibly damaged may for a period of time display an altered permeability from which they may later recover. The binding of proteins by damaged cells has been recorded by Ryser et al. (1962) and Holtzer and Holtzer (1960) , and similar effects have frequently been observed in the work described here. In general, the uptake by cells in any given culture excluding those which are dead and displaying the injured cell reaction, was reasonably uniform from cell to cell. Holtzer and Holtzer (1960) . It is not known whether this small percentage of cells is derived from normal phagocytic cells, or whether they represent a population of tumour cells which differs markedly from the majority in its capacity for protein uptake. A further possibility is that they are deteriorating cells, which Thomason and Schofield (1961) suggested were indulging in much more active membrane movements involving pinocytosis than their healthy counterparts. Whatever the explanation, such cells could give misleading results when methods of measuring uptake are used which assume that the cell population behaves uniformly.
No attempt has been made in this study to distinguish between phagocytosis and pinocytosis. Indeed, it would not be easy to do this, as all cultures contain particles derived from dead cells, secreted extracellular materials and denatured proteins, all of which may bind fluorescent proteins. However, the medium was always renewed 24 hours before the addition of the fluorescent protein and cultures were, in general, free of any gross contamination by particles. Holtzer and Holtzer (1960) have concluded from their work that fibroblasts phagocytose fluorescent particles but are incapable of pinocytosis. Thorough washing of our cultures with centrifuged media and the use of centrifuged fluorescent protein solution free of microscopically visible particles did not result in any decrease in the formation of fluorescent vacuoles within the fibroblasts used in this work. It seems reasonable to assume that the mechanism of uptake involved pinocytosis as well as the phagocytosis of microscopically visible particles.
Staining of plasma membranes was rarely observed, whether or not the cells were washed before examination. With primary embryonic fibroblast cultures, staining of some of the cell surfaces was apparent (Fig. 1, 2 ) but careful comparison with dark field and phase contrast images revealed that this was generally due to the staining of extracellular material which these cells seem to produce in considerable quantities. This does not mean that no surface absorption takes place but rather that it probably occurs in layers too thin to be detected by the techniques used.
It is suggested from this study that the ability of cells in vitro to take up macromolecules from the medium is primarily an inherent function of the particular cell type. Environmental effects seem to be of a second order. Thus the rate of cell division, the nature of the medium or macromolecules present, do not seem to influence to any great extent the ability of the cells to ingest proteins. The basis of these differences in the pinocytotic and phagocytic capacities of different cell types is largely unknown. It is probable, however, that all cells are capable of incorporating macromolecules, at least to a very small extent, which might be detected by more sensitive techniques involving, for example, electron microscopy.
SUMMARY
(1) The uptake of three fluorescent labelled proteins by monolayer cultures of normal and tumour cells has been investigated using fluorescent microscopy.
(2) Normal fibroblasts and sarcoma cells incorporated the proteins actively and concentrated them as droplets within the cytoplasm. The normal epithelial cells, all derived from the kidneys of various species, did not incorporate significant quantities of protein, whereas the cells of certain carcinomas which had been maintained in vitro for long periods were quite active.
(3) Immunofluorescent staining revealed the presence of antigenic groups of one of the proteins within the cytoplasmic vacuoles and therefore indicated the presence of the intact protein.
(4) Cells which incorporated one protein incorporated the other two, and conversely; although there may have been minor quantitative differences in the amounts incorporated.
(5) The effects of variations in the culture medium and the presence or absence of serum were slight, provided the cells remained in a satisfactory condition, showing no morphological deterioration.
(6) Protein uptake by fibroblasts was greater in regions of lower population density and in peripheral cells of islands of epithelia.
(7) Uptake by normal fibroblasts was largely abolished by sodium fluoride, an inhibitor or glycolysis, but not by potassium cyanide, an inhibitor of oxidative metabolism. Uptake was reduced by maintaining the cells at reduced temperatures, indicating the dependence of the process on metabolic energy.
(8) In general, no stimulation of uptake by insulin was observed. Slight stimulation was observed with cultures of mouse mammary carcinoma, and in one out of eight experiments with HeLa S3.
(9) Considerable incorporation was observed in a small proportion (about 5%) of the cells present in both of the ascites tumour cultures examined, but no significant incorporation was observed in the remaining 95 per cent of the cells.
(10) The results indicate that the capacity of cells grown in contact with glass to take up intact macromolecules such as proteins, is inherent in the cell type, and this capacity is to a large extent independent of the environment. Several carcinomas showed considerable uptake but it is not clear whether this was due solely to their malignant nature, or to adaptive and selective processes operating on the cell lines which had been maintained in vitro for several years. There is, therefore, no clear correlation between protein uptake and the normal or malignant nature of the cells.
